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SUMMARY 



The longitudinal stresses and the stiffness of flan.-ed 
members- I-=-beams , channels, and Z-bars - were investigated 
v/hen these members were subjected to torque with constraint 
against or o s s - s e c t i onal warping. Measured angles of rotation 
agreed with corresponding calculated values in which the 
torsion-bending factor of the cross section was involved; 
the agreement was better for the I-beam and the Z-bar than 
for the channel. Longitudinal stresses measured at the mid- 
span- were found to agree with the calculated values that 
involved unit warping as well as the torsion-bending factors; 
the channel showed the greatest discrepancy between measured 
and calculated values. V/hen commonly given expressions for 
rotations and maximum longitudinal stresses in a twisted I- 
beam were applied to the channel and to the Z-bar, values 
were obtained that were in reasonably good agreement with 
values obtained by the method involving the t o r s i on -bend ing 
consta.nt and unit warping. 



INTRODUCTION 



When pure torque is applied to a flanged member, such 
as an I-beam, a channel, or a Z-bar, twisting is accompanied 
by warping of the cross sections. If one or more cross sec- 
tions are restrained a-gainst such v;^?irping, longitudinal 
stresses are set up that are generally associated with bend- 
ing of the flanges. In some instances these stresses become 
quite large and have an appreciable effect on the torsional 
stiffness of the member. A knowledge of the torsional stiff- 
ness is essential in determining the stability of a member 
against torsional buckling under axial compression or against 
lateral buckling under beam loading. 

Because of the symmetry of the cross section, the longi- 
tudinal stresses resulting from restraint against cross- 
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sectional warpin^q: in a twisted I-beam are confined to the 
flangeso The stresses may be considered as beinc^ produced 
by bending of the flanges in their own pianos. In the case 
of an unsymmet r i-c-al section, such as a channel or a Z-bar, 
longitudinal stresses occur in the web as well as in the 
flanges. In such c-isos the stress distribution cannot be 
determined by considering only bending of the flanges. 

The solution to the problem of the twisting of I-beams, 
with restraint against cr o s s- s ec t i onal warping, may be ob- 
tained from many sources. (See, for example, references 
1 to 3.) Treatments of the same problem involving flanged 
members of unsymmetrical cross section are not so numerous, 
although some authorities (references 1 and 2) state that 
the formulas for longitudinal stresses and angles of twist 
obtained for the I-beam are also applicable to channels 
or to Z-bars. The case of a channel has been handled by 
considering the cross section as composed of two angles 
that are constrained to bend about certain axes (reference 
4). A method for evaluating the longitudinal stresses and 
angle of twist for a m* ember of any "open section" is con- 
tained in the works of V/agner (references 5 and 6) and Kappus 
( r ef e renc o 7 ) . 

Experimental studies of the effect of c r o s s- s e c t i onal 
constraint on the behavior of flanged members under torsion 
(references 3 and 4) have been rather meager. 

.The tests herein reported v.-ere made for the purpose of 
studying the longitudinal stresses and the stiffness of I- 
beams, channels, and Z-bars, subjected to torque, with con- 
straint against cr o s s- s e c t i onal warping. 



MATERIAL 



The material available for theee bests consisted of 
two pieces of hi^i:h-s t rength .'i.l^iminum-alloy extruded I-beam 
about 6 6 inch.is long. The cross section was the same for 
both beams; that is, the nominal dimensions v/ere: depth, 
2g iiiches; flange width, 2 inches; and thickness of both 
flanges-and v/eb, ^ inch. One piece v/as of 243-T alloy while 
the other was of X74S-T alloy. This material was used be- 
cause it had been left over from previous investigations 
(reference 8) and was imxmediately available. Because the 
tests made in this investigation were confined to the elastic 
r'\nge of the material, values of modulus of elasticity and 
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of propor t ionr.l limit p..ro the only niechan ic.-^.l properties 
of immediate concern* The follov/ing modul-as values have 
been used in analyzing the test results and in the ensuing 
calc'ulat ions: 



Alloy" 


Young's ciodulus, E 


Modulus of rigidity, G- 




( 1 "b / s q i n • ) 


( 1 b / s q in.) 




10,500,000 


3,920,000 


X74S-T • 


10,300,000 


3 , 860,000 



Previous tests had indicated that the proportional limits 
in tension and compression for both materials exceeded 
25,000 pounds per square inch. 

The piece of X74S-T alloy v/as first tested as an I- 
beam. The material of both flanges on one side of the web 
was then machined away, and a specimen of channel cross 
section was left. The piece of 24S-T I-beam was reduced to 
a Z-bar by machining away the material of the two flanges 
on opposite sides of the v/eb. The dimensions of the various 
cross sections, as obtained by measurement, are shown in 
f igur e 1. . 



TESTING- AFPA"RATUS AND PROCEDURE 



The .specimens were subjected -to a torque applied at 
the middle of an unsu,pported length of 64| inches. . The 
general arrangement of the test setup and^the method of 
applying torque are cle-rly shown in figure 2. The diameter 
of the loading disk is 9,75 inches. A load of 100 pounds 
therefore corresponded to a torc^ue of 488 inch-pounds. The 
load was applied in increments of 20 pounds; the loading 
bar and lo-^.d pan constituted the first increment. A total 
load of 160 pounds (780 i-n.«lb) vas applied to the I-beam 
and a maximum load of 100 pounds (488 in. -lb) was applied 
to the channel and to the Z-bar. 

The manner in which, the ends of the specimens were 
supported can be^seen in figures 3 and 4.' An opening 2^ 
inches wide ^ by 2- inches deep was cut in each supporting 
bracket. Filler blocks were then cut and carefully fitted 
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to accommodate the shape of the specimen* The photographs 
shov/ filler iDlocks irx place for the Z-har. Similar blocks 
v/ere used to accommodate the I-heam and the channel. As can 
he seen in figure 4, the edges of the opening. and of the 
filler "block that bore on the specimen were chamfered to 
provide a hearing about 1/32 inch wide. The corners of 
these bearing edges v;ere slightly rounded* A graphite bear- 
ing grease v/as placed on the bearing surfaces to minimize 
the friction that might develop when the specimen was 
twisted. The object of this type of end support v;as to pro- 
vide restraint against twisting without constraining the 
end sections against warping. That this objective was 
practically attained was indicated by' the small bending 
stresses measured in the flanges near the ends of the I-- 
beam. (See fig. llo) The same method was used for mounting 
the loading disk at the middle of the specimen, with the 
exception that the bearing surfaces on the opening and the 
filler blocks were the full thickness of the disk (1/4 in.). 
The two halves of the specimen reacted against each other 
under torque to prevent the middle cross section from v/arping. 

Strains were measured on both edges of the top flange 
at numerous locations on one-half of each specimen. Measure- 
ments were also made at one location on the bottom flange on 
the sam.e half of the specimen and also at one location on 
the top flange on the other half. These strains were meas- 
ured on l/2-inch gage lengths v/ith Huggenberger tensomoters. 

Angles of rotation were measured at the middle and both 
ends of each specimen and at numerous stations along one 
half. An adjustable protractor and spirit level were used 
for these measurements. Successive determinations of the 
angular slope of the top flange could be consistently re-- 
peated with a maximum variation of 5 minutes. 



ANALYTICAL TREATMENT 



The loni'^'itudinal s t r e s.s e s r e sul t ing from restraint 
against c r o s s- s e c t i onal warping in a twisted member and the 
angle of rotation depend on a property of the cross section 
which has been called the torsion-bending factor (references 
5 and 9). The differential equation for torsion in such a 
member can be written (references 5 to 7 and 9 to 11) 



^ - E r-i? (1) 
dx ax 
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where 



T 



twistine moment 



angle of twist 



X 



distance along axis of shear centers 



modulus 



of rigidity 



section 



factor for torsion 



E 



Young ' s 



modulus 



C 



torsion 



"bending factor for . section about shear center 



For sections composed of narrov/ rectangles the section 
factor for torsion J may he determined approximately as 
the sum of the factors for the individual rectangles. The 
value may be determined more exactly by equation (21) of 
reference 3* This exact method was used for the evaluation 
of the values of J given in figure 1. Corresponding val- 
ues obtained by the approximate methodj with overlapping 
rectangles considered, v/ere about 5 percent lower for the 
channel and for the Z-bar and about 10 percent lower for 
the I-beam than results obtained by the exact method. 

A method for evaluating the torsion-bending factor 
Cgrp may be found in references 5 to 7 and 11. The factor 
is defined by the equation 



where u is the "unit warping" of the area dA from a 
reference plane through the shear center and normal to the 
axis, when d9 / dx = 1. Torsion-bonding factors C-t^Ti for 

each of the suctions involved in this investigation are 
given in figur.: Ic The evaluation of the integral of equa- 
tion (2) for each section is shov/n in the appendix. For 
the channel specimen, this evaluation involves location of 
the shear center of the section. 




(2) 



the 
the 



For pure torque applied at midspan, with the 
member free to warp, the solution of equation 
form given in reference 3 is most convenient. 



ends of 
(1) in 
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- a 



sinh a 
cosh 

2a 



(5) 



v/nere 



/ E C -g Ti 



(4) 



and L is the len.^ith of 
from 0 at the end of the 

torqtie T is that existing at the end 
therefore one-half the applied torque. 



span. In this equation, x varies 
span to L/2 at midspan. The 

of the span and is 
The equat ion is 



applicable only to one-half the span. 



It hn,s been shov/n in references 5 to ? that the longi- 
tudinal stresses G resultin.i: from restraint against cross- 
sectional warping can be found from the values of unit warp- 
in f;; u, by the equation 



a = - E u (5) 

dx3 

By substituting the value of 6 from equa.tion (3), equation 
(5) can be expressed as 



X 

s inh "a" 

u 



G- J c\ cosh L 



(6) 



The values of the unit v/arping u ^ needed to solve this 
equation were obtained in connection with the evaluation 
of equation (2) to obtain expressions for the torsion- 
bending factor C^rp for the various sections. (See 
append ix. ) 
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DISCUSSION 0? RESULTS 
Ho t at i on s 



The measured rotations agreed very v/ell with corre- 
spond ing. value s calculated by equation (o), as can be seen 
in figures 5., 6, and 7. i'or the I-beam and for the Z-bar, 
the rotations measured at midspan v/ere within 2 percent of 
the calculated values. For the channel, the measured ro- 
tation at midspan was about 5 percent lower than calculations 
indicated. 

A comparison of measured rotations with the values in- 
dicated by the s t rai ght 1 ine s in figures 5, 6, and 7 in- 
dicates that the restraint against warping was responsible 
for a decrease in rotation at midspan of about 36 percent 
for the I-beam and obout 23 percent for the channel and 
for the Z-bar. 

The rol.- 1 ionship between angle of rotation nnd applied 
torque was linear, oxcept for slight deviations at the higher 
loads (figs. 8, 9, r.nd 10). For these higher loads, at 
v;hich the angle of twi.st became quite largo (greater than 
20°), secondary longitudinal stresses (reference l) became 
grc-t enough to produce a slight but noticeable increase 
in the -resistance of the member to twist. At midspan, the 
maximum deviation from a linear relationship is about 2 
percent. The values indicated by the straight lines of 
figures 8, 9, and 10 were plo.tted in figures 5, 6, and 7. 

In references 1 and 2, it is stated that the equation 
derived for the rotation of an I-beam under torque, with 
restraint against cr o s s - s ec t i ona 1 warping, is also applicable 
to a channel. In reference 2, it is also str.ted that the 
equation can be used for a Z-bar. for this purpose, the 
angle of rotation at midspan can be expressed as 



M C-J \2 2r^J 



v/her e 



Is. 



GJ 



(8) 
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v/here h is the depth of section, and 1^ is the moment 
of inertia about the yy axis. (See fig. 1.) The use of 
this equation for calculating the angle of rotation for the 
channel and for the Z-har tested in this investigation gives 
values that are about 6 percent lower than corresponding 
values Cvalculated by the more exact method involving the 
torsion-bonding factors for the sections. (See table 1.) 



Longitudinal Stresses 

The longitudinal stresses measured in the -region of mid- 
span on the top flange of the I-beam and of the channel spec- 
imens v/ere in very close rgroement with corresponding values 
calculc-ited . by equation (6), (figs. .11 and 12.) For the Z- 
bar, the measured stresses on the top flrnge at midspan were 
about ? percent higher tha,n calculation indicated (fig. 13). 
Stresses measured on the bottom flange of the I-beam a,t mid- 
span varied from thoc— 3 m-jasured on the top -flange by less 
than 1 percent. The stresses in the bottom flange of the 
channel and of the Z-bar were about 8 percent and- 10 percent 
lower, respectively, than corresponding values for the top 
flange. If an average for top rnd bo ttom • flanges is consid- 
ered, the measured and calcul^'^ted values for longitudinal 
stress at midspan agreed within about 4 percent and the 
agreement was poorest for the channel. For all three speci- 
mens, the s tres ses measured on the two halves of the span 
agreed within the limits of error of the me asur emen t s . 

AS- can be- seen in figures 12 and 13, t ho agreement 
between calculated and measured values of 1 on^^i tudinal : ' 
stresses v/as not so good near .the ends of the specimens as 
at m.idspan. In addition to the longitudinal stresses re- 
sulting-: from restraint against' cross-sectional warping, there 
are secondary longitudinal .stresses that exist even in a 
tvfist.ed member without cross-sectional restraint ( ref er ence 1). 
The magnitude of these secondary stresses v,-^ries as the square 
of the rate of t^;ist, that is, as (dB/dx)^. Jor tests of the 
sort made in this investigation, consequently, there will be 
no secondary stresses at midspan, that is, = 0), and 

such stresses v/ill attain a -mcaximum value near the ends of 
the span v^here d^/dx is greatest. The effect of those 
secondary stresses on the values of the measured stresses is 
evident in the curves for the channel and for the Z-bar (figs 
12 and 13). Figure 11, hov/ever, shows close agreement be- 
tween measured and calculated values of stress for the I-beam 
for the full length. Because of the s^.^mmotry of this section, 
the stresses measured on the. tv/o edges of the flange v/ere 
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avoraged and the effects of tho secondary stresses were 
thus eliminated. That this secondary-stress effect was 
also present in the I-specimen is sliown "by the circles in 
figure 11, which indicate the stresses measured on each 
edge of the flange. 

If the equation obtained for calculating the bending 
stresses in the flanges of a twisted I-beam is applied to 
the channel and to the Z-bar, as suggested in reference 2, 
values of maximum longitudinal stress are obtained that are 
in suprisingly good agreement with the measured values and 
also v/ith values calculated according to the more exact 
method of eouation (6). (S-e- table I.) For the I-beam, 
equation (6) can be expressed as 



T. 

a = — tanh _ (9) 
hl,^ 2a 

where 



a = il /£il 
2 ^ (}J 

b is the flaiige width, and the other terms* are as previously 
defined. This equation is obtained by substituting in equa- 
tion (6) the expressions for and u given in table II 
(see appendix) r-nd the relationship l^ = 2 Ip. When equa- 
tion (9) is applied to a channel or to a Z-bar, the term b 
is defined as tv/ico the distance from the y-axis to the ex- 
treme fiber ( r e f e r 2 n c e 2 ) . 



CONCLUSIONS 



The following conclu.si:ns were indicated by the results 
of this investigation of flau.-red members, I-beam, channel, end 
Z-bar, subjected to a torque at midspan and supported at the 
ends in such a way that rotation was prevented v/ithout re- 
straining the end cross sections cagainst warping: 

1. The measured angles of rotation were in agreement 
with corresponding values calculated by an equation that 
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involves the t or s i on-hending factor of the cross section. 
The agreement v/as v/ithin 2 percent for the I-^beam a.nd for 
the Z-bar; whereas the measured rotation of the channel 
was about 5 percent lovrer than calculations indicated. 

2. The longitudinal stresses measured ^.t midspan 
agreed v/ithin about 4 percent with values calculated by 
an eg^uation that involves unit-warping values as well as 
the torsion-bending factor. The agreement ^r-s poorest 
for the channel specimen. 

3. Commonly given expressions for rotations and max- 
imum longitudinal stresses in a t^risted I-beam, in which 
the effects of restraint against warping are expressed in 
terms of tiie lateral moment of inertia, when applied to 
the channel and to the S-bar, gave values that were in 
reasonably good a.greoraent with measured va,lues. The t?ngles 
of rotation obtained by this aipproximate method were about 

6 percent lower than corresponding values calculated by the 
more exact method involving the t or s ion-bending~i act or s for 
the sections. The m-aximum longitudinal stress values thus 
calculated were about 2 percent lower for the channel and 
about 5 percent higher for the Z-bar th^n the values obtain 
by the exact method. 

Aluminum Research Laboratories, 

Aluminum Company of America, 

New Kensingtoji, Pa., November 20, 1942. 
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APP2iIDIX 

EVALUATION 0? THE T OHS I ON-BEiTD INO FACTO?. C^rp 



The t ors ion-hendin^^ factor for a section depends on 
the axis about which thesection is considered to rotate. 
For rotation ?bout the shear center, the factor can "be 
expressed (references 5 to 7 and 11) 




(10) 



where u is the unit warping of -the element of area dA 
from a reference plane through the shear center and normal 
to the axis, v/hen the a.ngle of twist per unit length (d9/dx) 
is unity, (See roforence 7.) 

The unit warping, which has the dimension of an area, 
is given "by the* equation 



55 

u = Uq + ^ r^ds + r.^ n . (11) 



V/ h e r 0 

Uq. unit warping at point on m.^dian line of ooction 
V/ h o r e s = 0 

s distance measured ralong median lin^ from point v'hcre 

s = 0 

^ perpendicular iistance from center of rotation (shear 
center in t...is in t n c ) to a tan/-ent to media^n 
linc'^.. t s = s 

n distance measured along perpondicul'^r to median line 
at s = s 

r^ perpendicular distance from center of rotation (shear 
center) to perpendicular to median line at s = s 
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The first two terms of equc.tion (11) depict the unit 
warping of the laedian line of the section. The last term 
includes the variation in vjrarping across the thickness of 
the section. In relatively thin sections, s^ich as tested 
in this investigation, this last term is relatively unim- 
portant and may generally "be neglected. The term Uq in 
equation (11) can "be evaluated from the expression (refer- 
ence 7 ) 

u dA = 0 (12) 



By the use of equations (10) to (12), the unit warp- 
ing and the t o r s i on-"bend ing factors have been derived for 
the I-heam, the channel, and the Z-bar and expressed in the 
dimensional notation of figure 14. The dimensions shown in fi 
ure 1 have been substituted in these expressions for torsio 
bending factor to obtain the values of C^rp used in calcu- 
lating rotations and stresses. The expressions for unit 
.warping hcive likewise been evaluated for the calculation of 
the longitudinal stresses by e equation (6). 

In arriving at the expression for the torsion-bending 
factor Cgip in table II, the last term of equation (11) 
was neglected. Including this term, v.^ould slightly increase 
the value of O^^* The percentage increase v/ould be greates 
for the cha,nnol section. Inasmuch as the greatest discrep- 
a.nc3^ between calculated and measured angle of rotation 
occiirrod for the channel and inasmuch as the measured rota- 
tion v/as smaller than c al cula. t i on s indicated, it is desirabl 
to determine the effect on the calculated value for the angl 
of rotation of including the last term of equation (11) • It 
has been shov/n in reference 5 that the amount On to be add 
to the value alreadj'^ determined for C^rp to take account of 
the warping across the thickness, can be expressed as 





where t is the thickness a.nd the other terms caro as prev- 
iously defined. Expressed in the dimensional notation of 
table II, the equivalent expression for the channel is 
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144 



A-/ 



54 A, 



L O 



(14) 



By substituting in equation (14) the dimensions given in 



f i gur e 1 , 



for the channel is found to be 0.00042 inch^. 



for 



This value is less than 1 percent of the value of 
this section (fig* 1). It is evident then that neglecting 
the effect of v/arping across the thickness in determining 
the t orsion^hending constant is certainly justifiable for 
the sections involved in this investigation. 



LOCATION OF THE SHEAR CENTER OE THE CHANNEL SECTION 



^The expressions for the torsion-bending factor and unit 
warping for the channel section involve the dimension e 
which is the distance from the middle of the web to the cente 
of rotation or shear center. An equation for evaluating e 
can be obtained directly from the expression for the torsion- 
bending factor. The section will rotate about the center of 
least resistance, that is, the center for which the torsion- 
bending factor is a minimum. The location of this center of 
rotation can be found by setting 



dCBT 

= 0 

de 

and solving for e. This operation yields the equation 



A.., 



6Ap 



+ 1 



(15) 



This equation is the same as that attributed to Ostenfeld 
in reference 4 for locating the shear center. 

The expression for t o r s i on- bend i ng factor for the 
channel, obtained by e quat i o n s ( 10 ) , (11), and (12), can be 
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simplified "by siilos t i tut ing for e the value indicated 
in equation (15)'. This simplified expression for the torsion- 
tending factor for the channel is given in tahle II. 

By substituting the dimensions of the channel section 
(fig. 1) into equation (1.5), a value for e of 0.36 inch 
is ohtainad. 
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TASLE I 

COMPAEISOH OF CAlCUlATSn) AITD EXPEHIMEITTALLY DETEHI'IIIIED VALUES 
OF ROTATION AM) flAXIIiUI'i LOlTGITUDIlNTAIi STRESS 



Specimen 


Torque at 
midspr:>ji 
(in. lib) 


Rotation at m 
: (dog) 


idspan 


Maximum stress at midspan 
(l"b/ sq in. ) 


Measured. 


Calculated 


Measured 


Calculated 








Exact 
(1) 


A'Toroxirnatc 
(2) 


(3) 


Exact 

(h) 


Approximate 
(5) 


I-lDeam 


7 SO 


25.9 






23,200 


22,900 


22,900 


Channel 


UoS 


29.5 


30.9 


29.2 


23,000 


2U,6oo 


2U,150 


Z — oar 




27.5 


27.1 


25.^ 


23,S00 


23,200 


2U,!J-00 



^By equation (3) I'or x = L/2. 

2 By equation (7). 

^Average for top and "bottom flange. 

^By equation (6) for x = L/2. 

^By equation (9). 



TABLE II 

EXPESSSIOHS im TORSIOII-BSilDIITG- FACTOR AND 
UUIT WAEPIHG PCS SECTIOITS IITVSSTIGATED^ 



Specimeii 




^1 




■U3 


r— ^ — -c^- 


I-lDeam 


2 

2 


0 


0 


- T 




Channel- 




■0 








Z - bar 


l-^lci^ / • Aj^\ 


h'b Af 


h'b A]? 
± "2" X 







^T-he area, of one fl.^.^e is desi^s^nated Ap =^ty, area of web, Aw = ht..;; area of cross section, 
L = Avj -f 2Ay; moment of inertia'oi one flanc:e, = V^tj^/lS; and the other symbols are deimed 



o 

CD 
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Figure 1.- Dimensions, as ohtainei by measurement, and section properties 
of specimens. 




Figure 2.- General arrangement of test setup showing 
method of applying torque at midspan. 




Figure 3.- Bracket for supporting end of specimen without 
restraint against warping, outside face. 




Figure 4.- Bracket for supporting end of specimen without 
restraint against warping, inside face. 
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Calculated, neglecting 
restraint against warping.^ 




Calculated neglecting 
restraint against warping- 



12 16 20 24 28 
Distance from end, inr 

Specimen, I-beam of X74S-T aluminum alloy; 
torque, 780 inch-pounds. 

Figure 5.- Twi^t curves for torque applied at 
midspan. Span, 64 1/2 inches. 
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12 16 20 
Distance from end, in. 

Specimen, channel of X74S-T aluminum alloy; 
torque, 488 inch-pounds. 

Figure 6.- Twist curves for torque applied at 
midspan. Span, 64 1/2 inches. 
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Figs. 7,8 



52 



28 



t£-24 



0) 



m ■ 



20 



Cm 
O 



16 



12 




- Calculated, neglecting 
restraint against warping->/ ' 




€alculated 



_ ^- 
of span 



Figure 7.- Specimen, 
Z-bar of 
24S-T aluminum alloy; 
torque, 488 inch- 
pounds. Twist curves 
for torque applied at 
mid span. Span 64 1/2 
inches. 

Figure C- Specimen, 
I-beam of 

X74S-T aluminum alloy,- 
Load-rotation curves • 
for torque of 4.88P 
inch-Dounds. 
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Figs, 9,10 
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Figure 9.- Specimen, channel of X74S-T aluminum alloy. 

Load-rotation curve? for toroue of 4.88^ inch-pounds. 



(1 block = 10/40") 




Figure 10.- Specimen, Z-bar of 24S-T aluminum alloy c 

Load-rotation curves for torque of 4.88? inch-pounds. 
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Fig^are 11. 



12 16 

Q Distance from end, in. 

Bending stresses in flanges of I-l3eam of X74S-T alumin-am alloy under a torque of 780 inch- 
pounds applied at midspan. 
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Figs. 12,13 
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Figure 12.- 

Specimen, 

channel of 

X74S-T 

aluminum 

alloy. 

Longitudinal 
stresses 
in specimens 
under 
torque of 
488 inch- 
pounds 
applied 
at midspan. 
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Figure 15.- 

Specimen, 

Z-bar of 

24S-T 

aluminum 

alloy. 

Longitudinal 
stresses 
in specimens 
under 
torque of 
488 inch- 
pounds 
applied 
at midspan. 
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Figure 14.- Dimensional notation use! in the expressions given in table II for the torsion- 
bending constant Csrn and for the ijjiit warping u. 
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